ABSTRACT -Drying of seeds reduces their moisture content to levels appropriate for storage. However, care in the temperatures applied in the process is necessary to avoid damage to the seeds that are dried. The aim of this study was to evaluate the effect of different drying temperatures and storage on the growth of soybean seedlings. Harvested with a moisture content of approximately 23% (w.b.), the seeds were dried at different temperatures (40, 50, 60, 70, and 80 °C) until reaching moisture content of 12.5 ± 0.7% (w.b.), and they were subsequently stored for 180 days in an environment without climate control. A germination test and evaluations of seedling performance were carried out every 45 days, determining the full length of the seedling and hypocotyl and root lengths, along with their respective dry matter weights. The results showed that: a) the increase in the temperature of drying air affects the physiological quality of soybean seeds, and this effect is accentuated over time, especially on root length; and b) the air temperature of 40 °C can be recommended for drying of soybean seeds in association with the storage time of 180 days under storage conditions without climate control.
Introduction
Obtaining quality soybean seeds has always been one of the main challenges within the production system (MarcosFilho, 2013 ). Thus, due to this importance, there has been an incessant search for effective methods of characterizing the quality of a determined seed lot within the crop production process (Vieira et al., 2013b) .
Due to the need for increasingly practical methods in regard to determination of qualitative parameters, generally because of little time available to laboratories, more dynamic tests are chosen, and thus, more elaborate evaluations, for example, an evaluation relative to initial growth of seedlings, are often not chosen. As a result, some problems observed during the seedling phase end up being overlooked, and, depending on the levels of severity, crop performance in the field and, consequently, crop yield may be affected.
The evaluation of seedling performance and structures, more specifically, the hypocotyl and the root, can provide useful results regarding seed quality, considering their ability to manifest damage in some points of the production chain, such as that generated at harvest and during the processing phase (Barbosa et al., 2014; Faria et al., 2014) .
After harvest, it is common for seed lots to have moisture contents considered inadequate for safe and effective storage, such as contents higher than 12%. Given this situation, there is clearly a need for reduction of this characteristic to preserve the physiological quality of seeds for at least eight months, impeding possible chemical and physical changes that may come about during storage up to sale of the seeds (Peske et al., 2013; Barrozo et al., 2014; Carvalho et al., 2016) .
For efficient storage, not only good initial quality is necessary, but seeds need to have gone through drying conditions that avoid loss of physiological quality and only then be stored under what are considered to be ideal conditions, such as temperatures below 20 °C and relative humidity below 60% (França-Neto et al., 2010; Mbofung et al., 2013; Smaniotto et al., 2014) . Nevertheless, when carried out without due care, both drying and storage can have a negative impact on seed quality, immediately affecting, for example, their germination and vigor through improper drying or, moreover, worsening some such detrimental effect in accordance with storage time and conditions (Deliberali et al., 2010; Ullmann et al., 2010; Schuh et al., 2011; Resende et al., 2012; Faria et al., 2014; Rathinavel, 2014; Mahjabin and Abidi, 2015; Paraginski et al., 2015) .
Drying soybean seeds at temperatures of 45 and 55 °C directly affect viability, germination, and vigor of soybean seeds, with a further negative impact on the storage potential of the material. The prejudicial effect worsens the immediate problems caused by drying, especially under temperatures greater than 20 °C and relative humidities that are not controlled, which reduce the potential for nine months of seed storage to approximately four months (Surki et al., 2012) .
In this context, evaluation of seedling performance is an extremely important tool because determination of parameters for growth and initial development, such as assimilation of cotyledonary reserves on the part of the embryonic axis, can portray not only the immediate effects caused by drying, but also their implications for storage, increasing reliability regarding the physiological potential of seeds at different periods. Based on the literature, the seed lots with high germination and vigor have larger seedlings that are able to accumulate more dry matter Pereira et al., 2013; Pereira et al., 2015) . These discoveries may be related to the fact that high vigor soybean seeds have not only greater physical integrity (as long as the drying operations were well performed (Afrakhteh et al., 2013) but also higher contents of starch, proteins, and soluble sugars and greater ability to mobilize reserves during the germination period .
Thus, the aim of this study was to evaluate the effects of different drying temperatures, associated with storage of seeds, on the initial growth of soybean seedlings.
Materials and Methods
Seeds of the soybean cultivar SYN 1059 RR (V-TOP) were produced under the no-till system and center pivot irrigation from January to May 2014 on the São Lourenço Farm at 22°11'58.06" S, 54°53'24.32" W, and 452 meters altitude, in Dourados, Mato Grosso do Sul state, Brazil. They were analyzed at the Preprocessing and Storage of Agricultural Products Laboratory belonging to the School of Agrarian Sciences of the Federal University of Grande Dourados (UFGD) in the municipality of Dourados, MS, Brazil.
Preparation of the area involved only desiccation (Paraquat + Diuron -400 g + 200 g.ha -1 ; 2,4-Dicholorophenoxy -806 g.ha -1 ), and the fertilization process, for its part, was carried out at the same time as sowing, using 260 kg.ha -1 of the fertilizer formulation 02-20-20 (N-P-K), also containing 8% Ca, 4% S, 0.2% Zn, and 0.1% Bo. The seeds were treated with insecticides (Fipronil -12.5 g.50 kg of seeds -1 ; Tiamethoxan -17.5 g.50 kg of seeds -1 ) and fungicides (Metalaxil-M + Fludioxonil -0.5 g + 1.25 g.50 kg of seeds -1 ), and were then sown mechanically at a spacing of 0.45 m between the plant rows and a density of 18 seeds.m -1 , obtaining a final population of 355,555 plants.ha -1 . The seeds produced were harvested manually close to the stage of physiological maturity (R7 + 15 days), according to the determination of Fehr and Caviness (1977) , with a moisture content of approximately 23 ± 0.5% (w.b.) (0.30 ± 0.005 decimal d.b.).
After that, drying occurred in an experimental fixed bed dryer, with a drying chamber of 0.080 m diameter by 1.0 m height. The experimental dryer used a set of electrical resistors as a heating source, which had a total of 12 kW of power and, associated with them, a centrifuge type fan of 0. Corrêa et al. (2001) , who conceive of this calculation as the amount of water that a determined product loses per unit of dry matter per unit of time.
in which, WRR: water reduction rate, in kg.kg -1 .h -1 ; W 0 : total previous water weight, in kg; W i : total current water weight, in kg; DM: dry matter weight, in kg; t 0 : total previous drying time, in h; and t i : total current drying time, in h.
After drying, the soybean seeds were placed according to the drying treatment in non-hermetic metallic containers. These closed containers were kept in an environment with temperature and relative humidity not controlled for a period of 180 days; germination and seedling performance, along with seed moisture content, was evaluated immediately after drying and every subsequent 45 days.
Two thermo hygrometers were installed near the containers to monitor and register variations in heat and humidity in the environment during the storage period ( Figure 1 ). Mean temperature throughout the experiment was 21.4 °C, with a maximum of 28.4 °C and minimum of 14.5 °C. The mean value of relative humidity was 57.9%, with a maximum of 83.4% and minimum of 47.3%.
The germination test was carried out in accordance with the criteria established in the Rules for Seed Testing (Brasil, 2009). Four 50-seed subsamples for each treatment were distributed in rolls of paper toweling moistened with distilled water at two and a half times the weight of the dry paper and kept at 25 °C in a Mangelsdorf germinator. The percentage of normal seedlings was calculated eight days after the test was set up.
Seedling performance was evaluated through determination of the length of seedlings and their structures, and through total dry matter weight and weight of the hypocotyl and roots (Nakagawa, 1999 , Benincasa, 2003 Ferreira and Borghetti, 2004; Marcos-Filho, 2015) .
Seedling length was determined using four 15-seed subsamples that were arranged in two rows lengthwise on the sheets of paper toweling, which were moistened with distilled water at two and a half times the weight of the dry paper. The seeds were placed with the point of the radicle turned downward to direct seedling growth in as straight a line as possible to favor measurement of length. After this procedure, the paper rolls were arranged similar to the germination test and were placed in a Mangelsdorf germinator regulated to 25 ± 1 °C for seven days.
Total length of the seedlings was measured from the tip of the radicle up to the point of connection of the apical bud to the stem. Length of the hypocotyl was measured from point of connection of the hypocotyl with the root up to its point of connection with the cotyledons. The length of the primary root was measured from the tip of the root up to its point of connection with the hypocotyl. All lengths were measured with a digital caliper with 0.01 mm resolution, and results were obtained by adding up the measurements taken of each normal seedling in each replication and then dividing by the number of normal seedlings measured; results were expressed in mm.seedling -1 . The seedlings measured in the length test were used for determination of dry matter weight (Benincasa, 2003) . A scalpel was used to remove the cotyledons and to divide the seedling into hypocotyl and root. Soon after this procedure, the hypocotyls and the roots for each replication were placed separately in previously weighed aluminum containers, which, in turn, were placed in a previously regulated laboratory oven with circulation and renewal of air and kept at 80 °C for 24 hours (Benincasa, 2003) . After this period, the samples were removed from the laboratory oven and allowed to cool in a desiccator for 20 minutes, followed by weighing on an analytic balance with 0.001 g resolution, thus determining the dry matter weights of the hypocotyls and roots, and the total dry matter weight. The weight obtained was divided by the number of normal seedlings, resulting in dry matter weight per seedling, expressed in mg.seedling -1 . The experiment was conducted in a 5 x 5 split plot arrangement, with five temperatures of drying air in the plots and five different storage periods in the split plots in a completely randomized design. To evaluate the latent effect of the drying temperatures, the data were subjected to polynomial regression analysis. The models were selected considering the magnitude of the coefficient of determination (R 2 ), the significance of regression by the F test, and the phenomenon under study using the Sisvar program (Ferreira, 2011) .
Results and Discussion
Through curves of the water reduction rate (WRR) obtained during the drying of soybean seeds, it was observed that in accordance with higher temperatures, such as 60, 70 and 80 °C, the WRR was clearly more accentuated already at the beginning of the process (Figure 2) . However, over time, this rate became more homogeneous among the drying treatments since the water present at the surface of the product was gradually substituted by an evaporation front that moved inward in the product. In addition, due to the involvement of more complex mechanisms in movement of water from the inside to the outside of the seed, such as liquid diffusion and capillary action, the speed of the process declined, thus manifesting similarity of the WRR among the thermal treatments applied as of approximately 50 minutes from the start of drying.
Due to hygroscopicity of the seeds, oscillations of moisture contents were observed during storage, above all because lack of control of temperature and relative humidity conditions lead to the occurrence of phenomena such as sorption and desorption (Table 1) (Tiecker Junior et al., 2014; Bessa et al., 2015) .
There was a reduction in moisture content in all the seed lots evaluated (Table 1) , probably due to reduction in the values of relative humidity in the air of the environment over time (Figure 1 ) and possibly also due to the centesimal composition of the seeds since they are aleuro-oleaginous and tend to retain less water internally because their oil content is less hydrophilic (Dios, 1984) . For seed germination, it was observed that due to the increase in temperature of drying air, the percentage of normal seedlings already decreased immediately after drying, and this deleterious effect intensified in a linear manner over the storage time (Figure 3) .
Immediately after drying, the germination observed for the temperatures of 40, 50, 60, 70, and 80 °C were 100, 97, 88, 28, and 1 %, respectively (Figure 3 ). However, due to the occurrence of this latent response, in the evaluation after 45 days, the dissimilarity between the two treatments was evident, with daily reduction in the percentage of normal seedlings caused by the temperature of 50 °C being twice that brought about by the temperature of 40 °C; greater daily reductions were also observed for the temperatures of 60, 70, and 80 °C.
Consequently, at the end of storage, the values of the germination observed for the temperatures of 40, 50, 60, 70, and 80 °C were 86, 64, 55, 3, and 1%, respectively ( Figure  3) establishes 80% germination as the minimum limit for sale of soybean seeds, only the lot of seeds dried at 40 °C could be fit to the standard commercialization, given that the lots dried at 50 and 60 °C lose their capacity at approximately 150 and 101 days after drying, and the others already immediately after the drying operation.
upon finding that the use of drying temperatures higher than 40 °C led to cell damage, such as membrane disarray and leaching of solutes, mainly in the region of the embryonic axis, harmful to the development of seedlings and thus reducing the two main physiological properties, germination and vigor. In addition, as found by Vieira et al. (2013a) , the initial quality of a soybean seed lot and the conditions during storage determine maintenance of seed physiological potential since undamaged seeds undergo less reduction in seed coat thickness when subjected to either storage under cold conditions (10 °C) or conditions already considered harmful to soybean physiological potential (25 °C).
Evaluations of seedling performance also manifested the negative effects of the increase in drying temperature and of storage on the physiological quality of soybean seeds. It was observed that the total length of seedlings (Figure 4a ) and the length of the hypocotyl (Figure 4b ) and of the root (Figure 4c ) showed decreasing results in accordance with an increase in temperature of drying air, and linear degradation of seed response over the storage time .
Evaluation of the length of seedlings and their structures compared to germination percentage exhibited greater sensitivity in differentiating the lots in regard to physiological quality immediately after drying. Although it was found that both analyses were negatively affected by the drying temperatures, associated with prolongation of the storage period, for germination, the immediate difference found was evident after the application of the temperature of 60 °C (Figure 3) , whereas by evaluation of the seedling characteristics, the differences between the thermal treatments applied to the seeds were immediately observable from the temperatures of 40 and 50 °C (Figure 4) . According to the review of Garcia et al. (2004) , thermal damages might not manifest immediate effects on germination; however, after a period of storage, seed vigor may undergo considerable reductions.
It should be noted that analysis of seedling growth and other complementary tests compose a vigor index for evaluation of soybean seed quality (Vanzolini et al., 2007) , and, from the results obtained, it may be inferred that the deleterious effects of high temperatures during drying were more expressive on the growth of the shoots and root, which may have exhibited greater sensitivity to the treatments.
Increasing the temperature factor in soybean seeds, especially at temperatures above 40 °C, compromises seedling growth since an increase in drying rate leads to damages to meristematic tissues and, consequently, injured development of the embryonic axis (Afrakhteh et al., 2013) . In this context, Costa et al. (1999) highlight that the greater the length of the hypocotyl, the greater the seedling capacity to emerge and overcome the resistance that may be posed by depth of sowing and/or hardened soil. The effect of different drying temperatures on the physiological quality of seeds was also observed by Ullmann et al. (2015) in evaluation of sweet sorghum seeds, in which a reduction in the germination was observed in accordance with the temperature factor, especially at temperatures above 40 °C; each increase in degree of temperature led to reduction of half a percentage point in germination. As suggested by Afrakhteh et al. (2013) and also observed by Menezes et al. (2012a,b) , and furthermore in this study, this is generally a result of the increase in the rate of water removal (WRR) from the product, which is stimulated by the increase in temperature of the drying air. This increase in WRR, upon creating a stark difference between the peripheral and inner part of the product, promotes the formation of seed coat cracks and microfissures in the cotyledons, affecting the quality of the seed. In addition, situations such as these can increase the susceptibility of the material to latent damage, or even worsen deterioration, thus reducing the storage potential of the product and its physiological quality (Mbofung et al., 2013) .
The deleterious effect portraying the damage caused by drying in soybean seeds was also observed by Silva et al. (2007) Figure 4 . Results of the total length of the seedling (a) and the length of its structures, the hypocotyl (b) and root (c), of soybean seeds subjected to different drying temperatures as a function of storage time. In regard to drying temperatures of 70 and 80 °C, not only was there a response of smaller seedlings but also decreased quality of the seed lots (Figure 4) . Seeds dried at 70 °C, for example, led to formation of smaller seedlings and shorter total length (159.2 mm.seedling -1 ) and length of the shoots (75.5 mm.seedling -1 ) and of the root (83.6 mm.seedling -1 ), but they also exhibited the highest results of latent damage, which possibly impeded formation of normal seedlings that could be measured at 150 days after the storage beginning . Drying at the temperature of 70 °C also damage the physiological quality of crambe seeds, which exhibited results analogous to those found here and the occurrence of smaller seedlings, given the higher rate of injuries to the seeds (Faria et al., 2014) . The soybean seeds dried at 80 °C, both immediately after drying and during storage, were not able to generate normal seedlings, indicating the harmful effects of high temperatures on the quality of soybean seeds.
Although the seedling structures exhibit similar responses in accordance with an increase in drying temperature and storage time, the susceptibility of the primary root immediately after drying and over the storage time should be noted (Figure 4c) . Possibly, since the radicle is located in a region slightly more external in the seed compared to the hypocotyl, its exposure to drying and to the deterioration processes was more evident, indicating that the performance of the root constitutes a good indication in distinguishing among seed lots, as has already been proposed by Vanzolini et al. (2007) and recommended by Chauhan (1985) precisely for soybean seeds, and as observed for seeds of wheat (Maia et al., 2007) , maize (Venancio et al., 2012) , and papaya (Mengarda et al., 2015) .
The harmful effects of drying temperatures above 40 ºC, along with seed storage, were also observed in the dry matter weight of seedlings and their structures since the dry matter weights of the seedling, the hypocotyl, and the root coming from seeds dried at 40 °C were greater by 5.6, 3.3, and 2.3 mg.seedling
in relation to the results observed for the temperature of 50 °C ( Figure 5 ). By the multiplicative coefficients of the equations fitted to the data observed for total dry matter weight of the seedling, it was found that the immediate effect arising from increasing the temperature of drying air was the determining factor in maintaining the quality of seeds during storage because, in accordance with the increase in temperature, there was greater latent loss of total accumulated dry matter ( Figure 5 ). Thus, evaluation allowed confirmation of the ability of the test in showing both the immediate effects and latent effects caused by an increase in the temperature of drying air, as already described by Surki et al. (2012) , also for soybean seeds, upon manifesting the interference of both factors on the dynamic of the reserves during seedling development.
The daily loss brought about by the temperature of 70 °C, for example, was twice that observed for seeds dried at 40 °C, indicating the prejudicial effects on the capacity for transferring reserves for growth of the embryonic axis in seeds dried at high temperatures and then stored. Possibly, reduction in the initial quality of the lots attributed to the increase in temperature may have increased the susceptibility of the seeds to deterioration during storage, negatively affecting accumulation of dry matter during the seedling phase. In this respect, with the increase in drying temperature and in storage time, the mechanisms directly connected with the processes of 
Conclusions
The increase in the temperature of drying air above 40 °C affects seedling performance, and this effect is accentuated over the time of storage, above all on root growth.
The air temperature of 40 °C can be recommended for drying soybean seeds along with a storage period of 180 days under storage conditions that are not climate controlled.
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